The intensities of saturation-transfer EPR (ST-EPR) spectra motion gives rise to characteristic changes in the lineshape from nitroxyl spin labels have proved a sensitive means for study-of the anisotropic nonlinear spectra that may be used to ing slow exchange processes (both Heisenberg spin exchange and determine the rotational correlation time. There is, however, physical/chemical exchange) and weak interactions with para-another class of slow dynamic processes, notably translamagnetic ions, via the dependence on the effective spin-lattice tional diffusion and exchange events, that do not depend on linearly on the effective T 1 , but with a nonzero intercept. On the So far, this latter use of ST-EPR intensities to determine basis of the theoretical calculations and experimental correlations, spin -lattice relaxation enhancements has relied princirelations between I ST and T 1 are suggested that may improve preci-pally on experimental correlations, for instance, a predictsion in the application of this alternative form of ST-EPR spectros-able dependence on spin-label concentration ( 4, 5 ) or on copy to biological systems. ᭧
INTRODUCTION
with theoretical predictions and with independent measurements that are sensitive to the spin -lattice relaxation.
Saturation-transfer EPR (ST-EPR) is a nonlinear CW
In the present work we have carried out such studies. The spectroscopy that has proved to be particularly effective for dependence of the ST-EPR intensities on the microwave studying the slow rotational diffusion of spin-labeled biofield intensity and on the effective relaxation times obmolecules that takes place on the time scale of the spintained from progressive-saturation experiments has been lattice relaxation (1) lation fields. In this way, values have been obtained for from which spin -lattice relaxation enhancements may be frequency of 100 kHz and a modulation amplitude of 1.25 G p-p. The double-integrated intensity, I(H 1 ), of the convendeduced from the measured ST-EPR intensities.
tional V 1 EPR spectra with increasing microwave field H 1 was fitted with the expression (14) [2] the 5 C-atom position of the sn-2 chain (5-PCSL) was synthesized as described in Ref. (10) . DPPC and 5-PCSL were codissolved at the desired relative concentration (0.07-12 where I 0 (H 1 ) is the double-integrated intensity that would mol% 5-PCSL) in chloroform/methanol (2/1, v/v) and the be obtained in the absence of saturation, to yield the effective solvent was then evaporated under nitrogen. The dry lipid T 1 T 2 product. was kept under vacuum overnight and then dispersed in argon-saturated distilled water or NiCl 2 solutions (0-50 THEORY mM) by vortex mixing at a temperature above the gel-tofluid bilayer phase transition. Aliquots of the lipid disperThe calculation of the EPR intensities detected in phase sions were loaded into 100 ml, 1 mm diameter glass capillarquadrature with the field modulation follows that of Halbach ies flushed with argon and pelletted in a bench-top centri-(15). The magnetic field intensity along the z direction is fuge. Excess supernatant was removed to obtain lipid pellets given by H Å H 0 / H m cos v m t, where H 0 is the static field, of 5 mm length, sealed under argon. This standardized sam-H m is the amplitude of the field modulation, and v m is the ple configuration was used for all progressive saturation and modulation frequency. The normalized complex magnetiza-ST-EPR measurements (11, 12) .
MATERIALS AND METHODS

Dipalmitoyl phosphatidylcholine (DPPC) was from Fluka (Buchs, Switzerland
tions u, £, and w in the x, y, and z directions, respectively, EPR spectra were recorded at a microwave frequency of of the rotating frame are expanded in Fourier harmonics, n, 9 GHz on a Varian Century Line spectrometer equipped with of the modulation frequency, nitrogen gas-flow temperature regulation. Sample capillaries were accommodated in a standard quartz EPR tube that contained light silicone oil for thermal stability. The entire sam-
u n e 0 inv m t [3] ple chamber was sealed under argon. Temperature was measured with a fine-wire thermocouple located within the capillary in contact with the sample. Samples were centered in
£ n e 0 inv m t [4] the microwave cavity and all spectra were recorded under critical coupling conditions. The root-mean-square micro-
w n e 0 inv m t , [5] wave magnetic field at the sample was measured as described in Ref. (11) and corrections were made for the cavity Q as described in the same reference.
where the Fourier coefficients £ n and u n correspond to the ST-EPR spectra were recorded in the second-harmonic absorption and dispersion signals, respectively, detected at absorption mode at a modulation frequency of 50 kHz with a frequency nv m (16) . detection in phase quadrature at 100 kHz (V 2 display). The
The Bloch equations expressed in a frame rotating at the modulation field at the sample was 5 G p-p and the mean angular frequency, v, of the H 1 microwave field yield the microwave field at the sample was 0.25 G (11, 12). The following relations for the Fourier coefficients of Eqs.
[3] -modulation phase was set by the self-null method at a subsat- [5] (15), urating microwave field intensity. Integrated intensities of the V 2 ST-EPR spectra were normalized to the double-integrated intensity of the conventional, first-harmonic in-phase
where d n ,0 Å 1 for n Å 0, and is otherwise zero. In Eqs. [6] - [8] , frequencies are expressed in terms of the transverse as defined in Ref. (13) . Progressive-saturation experiments were performed with the conventional in-phase first-har-relaxation time, T 2 , and magnetic fields in terms of the linewidth, DH Å 1/g e T 2 , i.e., monic absorption spectra (V 1 display) with a modulation representing the dispersion and absorption signals, respec-
tively. The coefficients for higher harmonics are obtained
by successive applications of Eqs.
[14] and [15] . To the lowest order in the modulation amplitude, the Fourier coefh Å H 1 /DH ficients of the nth harmonic are then given by u n É u n ,n k n k Å H m /2DH, [9] and £ n É £ n ,n k n . The real and imaginary parts of £ n ,n and u n ,n yield the absorption and dispersion signals that are in-phase where g e is the gyromagnetic ratio of the electron, and a Å and 90Њ out-of-phase, respectively, with respect to the field T 2 /T 1 , with T 1 being the spin-lattice relaxation time. A modulation. Thus the conventional in-phase EPR spectra and solution for the Fourier coefficients is obtained by expanding the first-harmonic dispersion and second-harmonic absorpin powers of the normalized field modulation amplitude, k, tion ST-EPR spectra, for instance, are given by, respectively,
where the notation of Ref. (1) is used. Based on the lowest where n is always positive, or zero.
terms in the expansions of Eqs.
[10] and [11], these approxiOn substitution of these relations in Eqs. [6] - [8] , with mations are valid for low modulation amplitudes. elimination of w n , the following relations are obtained for the coefficients u n ,n and £ n ,n :
H 1 dependence of ST-EPR spectra. Simulated secondharmonic absorption spectra in phase quadrature with respect
to the field modulation are given in Fig. 1 , for a single
[13]
From the structure of Eqs. [6] - [8] and of Eqs.
[12] and [13] , it follows that the first nonzero terms correspond to n Å ÉnÉ and higher terms must have the same parity as ÉnÉ (15). To lowest order in the modulation amplitude (i.e., n Å n), the Fourier coefficients therefore are given by the following recurrence relations,
where for n Å 0, the terms with indices n 0 1 are zero. The expressions for the zeroth harmonic (n Å 0) yield the usual slow-passage solutions of the Bloch equations,
FIG. 1.
Dependence of the simulated second-harmonic, 90Њ out-ofphase, absorption EPR spectra (V 2 display) for a single resonance line on the microwave magnetic field intensity, H 1 . Simulations are for a Zeeman [16] modulation frequency v m /2p Å 50 kHz, spin-lattice relaxation time T 1 Å 1 ms, and spin-spin relaxation time T 2 Å 40 ns (DH Å 1.4 G).
The dependence of the integrated intensity of the experimental ST-EPR spectra of Fig. 2 on incident H 1 is given in Fig. 3 . This characteristic saturation curve is similar in form to that obtained previously for spin-labeled hemoglobin ( 17 ) . Integration over the entire lineshape removes the complications from the spectral anisotropy and inhomogeneous broadening and reveals the intrinsic saturation properties of the individual-component spin packets.
Comparison is therefore possible with the saturation behavior of the normalized integral for a single spectral line. Simulated saturation curves for the integrated intensity of a single resonance line are given by the continuous lines in Fig. 3 . It is clear from comparison of the upper and lower panels of the figure that variation of the T 1 and T 2 relaxation times has somewhat different effects on the saturation curves. However, unique values of T 1 and T 2 cannot be determined separately with precision by fitting the experimental saturation curve. The full lines in Fig. 3 represent the best fits that are obtained with a fixed value of T 2 and varying T 1 . The value chosen for the transverse relaxation time is T 2 Å 20 ns, which corresponds to the intrinsic Lorentzian linewidth obtained by Gaussian -Lorentzian deconvolution of the low-field line in the conventional V 1 EPR spectrum. A value of T 1 Å 2.9 { 0.4 ms is obtained in this way by fitting the theoretically predicted saturation curves to the experimental data at this spinlabel concentration ( 0.22 mol% ) . Estimation of the intrinsic value of the spin -lattice relaxation time of the spin label is significant, because this is the characteristic time scale to which the dynamic processes that give rise to relaxation enhancements are referred ( 2, 3 ) .
Interestingly, the maximum intensity of the ST-EPR spectrum is obtained at a root-mean-square microwave field of in the present case.
T 1 dependence of ST-EPR intensities.
The dependences of the normalized and unnormalized integrated inLarmor frequency. At low values of the radiation field H 1 , tensities of the V 2 ST-EPR spectra on spin -lattice relaxthe intensity of the out-of-phase signal is zero, corresponding ation time, predicted from solution of the Bloch equations, to the absence of saturation. With increasing H 1 , the central are given in Fig. 4 . Spectral simulations were made for region of the spectrum first becomes positive and subsevarious values of the spin -spin relaxation time, T 2 , as quently switches to becoming strongly negative at higher indicated, and for the standard values of H 1 Å 0.25 G and values of H 1 . Experimental second-harmonic, out-of-phase H m Å 5.0 G that are used experimentally in recording STabsorption ST-EPR spectra at increasing microwave fields EPR spectra ( 11, 12 ) . Both normalized and unnormalized are given in Fig. 2 for a spin-labeled phospholipid at low integrated intensities show similar dependences, but the concentration in gel-phase lipid bilayer membranes. The cenformer ( I ST ) is preferred practically because it yields intral hyperfine manifold in these anisotropic 14 N nitroxide strument-independent values ( 13 ) . powder spectra behaves qualitatively with increasing H 1 in
The ST-EPR intensity shows a pronounced sensitivity to a very similar manner to the simulated single-line spectra in Fig. 1 .
the spin-lattice relaxation rate for all but very short values ther by measurements in which the effective spin-lattice ST-EPR integral are smaller, and so are the corresponding relaxation rate is varied experimentally, either by Heisenberg values of the T 1 T 2 product deduced from the progressive-saturaexchange as a function of spin-label concentration or by tion measurements. In all three cases, the ST-EPR intensity is paramagnetic relaxation as a function of Ni 2/ ion concentra-related approximately linearly to the effective T 1 T 2 product, as tion.
assumed previously from experimental results on relaxation enhancements by Heisenberg spin exchange (4) and by paraCorrelation of ST-EPR intensity with conventional saturamagnetic dipolar interactions (9). For the spin-label concentration measurements. The saturation parameters, or effective tion range used, the effects of spin-spin interactions on T 1 T 1 T 2 values, have been varied by changing the concentration dominate over those on T 2 . of the spin-labeled lipid in gel-phase bilayer membranes. The Fits to the theoretically predicted dependence of the STspin-label concentration was varied between 0.07 and 12 mol% EPR intensity on T 1 are given by the full lines in Fig. 5 . to give varying degrees of alleviation of saturation by Heisen-
The optimum fits are obtained with a value of T 2 Å 7-9 ns, berg spin exchange (4) . The correlation between the integrated which is considerably smaller than that deduced from the intensities of the ST-EPR spectra and the saturation parameters linewidths in the conventional V 1 EPR spectra (cf. above). (effective T 1 T 2 products) determined from progressive-satura-
The reason for this difference lies in the scaling of the T 1 tion measurements is given in of T 2 are required principally to bring the dependence of dependence of I ST on T 1 . The effective values derived for T 2 are therefore best considered a (constant) scaling factor I ST on the saturation parameter obtained from progressive saturation into the appropriate region of the predicted T 1 for the fits to the theoretical T 1 dependence. It should be noted that this effective value of T 2 gives rise to a value for dependence. They do not appreciably affect the intrinsic The results given in Fig. 4 , together with the fits of the data by simulation (Figs. 5 and 6 ), provide both a theoretical which is consistent with that obtained from fitting the ST-EPR saturation curve with the value of T 2 derived from the and an experimental basis for using the integrated intensities of V 2 ST-EPR spectra to determine effective spin-lattice linewidth.
The saturation parameter ( i.e., effective T 1 T 2 product ) relaxation enhancements of spin labels. Previous applications of this method were based primarily on empirical exhas also been varied by addition of paramagnetic Ni 2/ ions to the aqueous phase for gel-phase DPPC bilayers with a perimental correlations. Furthermore, the results allow a calibration of the ST-EPR intensities in terms of the effective fixed concentration of the 5-PCSL spin label. The correlation between the values of I ST obtained from the ST-EPR relaxation times. From the linear regressions to the experimental data at both 15 and 25ЊC in the L b phase, the followspectra and the effective T 1 T 2 products determined from progressive-saturation measurements is given in Fig. 6 Fig. 5, upper panel ) . Again, an where an effective value of T eff 2 É 8.5 ns is appropriate to yield values of the spin-lattice relaxation time that are conapproximately linear dependence is obtained and the regression parameters are, to within the error, identical to sistent with fits to the theoretical predictions. The rotational correlation times here are in the range t R É 20-60 ms, and those obtained with varying spin-label concentration. Also, the fit of the theoretical dependence on T 1 to the experimen-this calibration should be appropriate for systems in which rotational diffusion is very slow. The corresponding result tal data is very similar and yields a comparable effective value of T 2 Å 9.4 ns. Two quite independent means of obtained from the data at 35ЊC, in the intermediate gel phase, is varying the spin -lattice relaxation enhancement therefore yield completely consistent results for the dependence of the ST-EPR intensity on T 1 .
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